The liver plays a critical role in inducing systemic immune tolerance, for example, during limiting hypersensitivity to food allergy and in rendering acceptance of allotransplant or even hepatotropic pathogens. We investigated the unknown mechanisms of liver tolerance by using an established hepatitis B virus (HBV)-carrier mouse model, and found that these mice exhibited an antigen-specific tolerance toward peripheral 
The liver plays a critical role in inducing systemic immune tolerance, for example, during limiting hypersensitivity to food allergy and in rendering acceptance of allotransplant or even hepatotropic pathogens. We investigated the unknown mechanisms of liver tolerance by using an established hepatitis B virus (HBV)-carrier mouse model, and found that these mice exhibited an antigen-specific tolerance toward peripheral HBsAg vaccination, showing unenlarged draining lymph node (DLN), lower number of germinal centers (GC), and inactivation of GC B cells and follicular T helper (Tfh) cells. Both in vivo and in vitro immune responses toward HBsAg were suppressed by mononuclear cells from HBV-carrier mice, which were CD4 + Foxp3 − type 1 regulatory T (Tr1)-like cells producing IL-10. Using recipient Rag1
−/− mice, hepatic Tr1-like cells from day 7 of HBV-persistent mice acquired the ability to inhibit anti-HBV immunity 3 d earlier than splenic Tr1-like cells, implying that hepatic Tr1-like cells were generated before those in spleen. Kupffer cell depletion or IL-10 deficiency led to impairment of Tr1-like cell generation, along with breaking HBV persistence. The purified EGFP +
CD4
+ T cells (containing Tr1-like cells) from HBV-carrier mice trafficked in higher numbers to DLN in recipient mice after HBsAg vaccination, and subsequently inactivated both Tfh cells and GC B cells via secreting IL-10, resulting in impaired GC formation and anti-HB antibody production. Thus, our results indicate Tr1-like cells migrate from the liver to the DLN and inhibit peripheral anti-HBV immunity by negatively regulating GC B cells and Tfh cells.
peripheral tolerance | unresponsive T he liver is a unique organ that favors induction of immune tolerance rather than immune activation (1) (2) (3) . It was reported 40 y ago that primary liver transplant induced a recipient pig to accept other allograft organs from the same donor (4) , which suggested that the liver not only maintained the selftolerance, but also induced systemic tolerance in an antigenspecific manner. However, the precise mechanisms of how the liver induces systemic tolerance are not very clear. Previous studies showed that regulatory T cells (Tregs) are considered to be major players in mediating peripheral tolerance by suppressing both cellular and humoral immune response (5, 6) . In vivo, Tregs are developmentally classified into natural Tregs (nTregs) and adaptive Tregs (iTregs). nTregs, identified by a CD4 + CD25 + Foxp3 + phenotype, differentiate in the thymus and function generally to prevent autoimmune disease. iTregs, comprised of several different subsets, are generated in secondary lymphoid organs or tissues and mediate tolerance toward foreign antigens; they can be subdivided into Foxp3 + Tregs, generated by de novo conversion from mature peripheral naive CD4
+

Foxp3
− T cells, and Foxp3 − Tregs, which includes the type 1 regulatory T (Tr1) cell, which suppresses via an IL-10-dependent mechanism as well as the T helper (Th) 3 cell, which mediates suppression via TGF-β production (7).
Tr1 cells have previously been shown to play a role in suppressing tissue inflammation, graft-versus-host disease, and autoimmunity by producing IL-10 in an antigen-specific manner (8-10). In diabetic mice, for example, IL-10 plus rapamycin prevented allograft rejection by inducing Tr1 cells that mediated stable antigen-specific tolerance in vivo (9) . Furthermore, adoptive transfer of antigen-specific Tr1 cells induced an IL-10-dependent tolerance in the stringent mouse model of islet transplantation (11) . The soluble peptide, myelin basic protein (MBP), could induce Ag-specific Tr1 cell generation, which plays a pivotal role in regulating T-cell tolerance that reverses ongoing experimental autoimmune encephalomyelitis disease in a rat model (12) , which is consistent with the observation that MBP expression in mouse liver induces antigen-specific Tregs that protect from experimental autoimmune encephalomyelitis (13) . Tr1 cells, in particular, are increased in the livers of patients with recurrent hepatitis C virus (HCV) infection after liver transplantation (14) and also mediate oral tolerance to BSA-induced systemic anaphylaxis (15) . Interestingly, tolerogenic antigenpresenting cells in the liver also play a critical role to promote tolerance, but their relationship to Tr1-like cells is currently unclear (16) . Therefore, a precise study to explore how viral persistence in the liver induces systemic tolerance is particularly needed.
In the present study, we tried to elucidate the role of Tr1-like cells in creating host systemic liver tolerance to hepatotropic pathogens, including hepatitis B virus (HBV), which might possibly be the key reason why pathogens can escape from immune surveillance and then establish lifelong chronic infection. Using an established HBV-carrier mouse model, we found these mice exhibited an antigen-specific tolerance toward peripheral HBsAg vaccination, showing an unenlarged draining lymph node (DLN), a lower number of germinal centers (GCs), and inactivation of GC B cells and follicular Th cells (Tfh cells). Immune responses toward HBsAg were suppressed by CD4 + Foxp3 − Tr1-like cells from HBV-carrier mice, which acquired the ability to inhibit anti-HBV immunity 3 d earlier than splenic Tr1-like cells, and impairment of Tr1-like cell generation led to breaking HBV persistence. The purified EGFP + CD4 + T cells (with Tr1-like cells) from HBV-carrier mice trafficked in higher numbers to
Significance
We present a unique study of a liver-induced systemic tolerance using an intact virus, other than a single protein component-induced liver-persistent model. Liver-educated regulatory cells migrate into peripheral sites and mediate the systemic tolerance. Kupffer cells induce the generation of type 1-like regulatory cells in an IL-10-dependent manner. A possible role of type 1-like regulatory cells in suppressing germinal center formation via secreting IL-10 is demonstrated. We observed that a "regulatory cell-based" tolerizing mechanism, rather than a "clonal deletion" mechanism, provides the possibility of reversing the tolerance by immunotherapeutic approaches.
DLN in recipient mice after HBsAg vaccination, and subsequently inactivated both Tfh cells and GC B cells via secreting IL-10, resulting in impaired GC formation and anti-HBs antibody production. To our knowledge, we reveal a previously undescribed mechanism of liver tolerance to HBV infection, which may be helpful to explore new approaches to reverse liver-induced systemic immune tolerance in liver or even systemic disease.
Results
HBV-Specific Regulatory Cells Mediate HBV-Induced Immune Tolerance.
To explore the mechanism involved in the liver-induced systemic tolerance, we established an HBV-carrier mouse model by hydrodynamic injection of pAAV/HBV1.2 plasmid into C57BL/6 mice (17), which has been extensively used (18, 19) . In contrast to control (pAAV/Control-injected) mice, HBV-carrier (pAAV/ HBV1.2-injected) mice did not secrete anti-HBs antibodies after peripheral immunization with HBsAg (20) ; indicating the tolerance toward HBsAg was developed in HBV-carrier mice. To test whether this tolerance was mediated by regulatory cells, we found splenocytes from HBV-carrier mice significantly inhibited the production of anti-HBs antibodies in an antigen-specific manner ( Fig. 1 A and B) .
A cellular adoptive transfer experiment showed that splenocytes from HBsAg-vaccinated mice eliminated HBV within 2 wk in recipient HBV-carrier Rag1 −/− mice (Fig. 1C) , and this effect could be attenuated by splenocytes from HBV-carrier mice (Fig.  1D ). Anti-HBV immune cells could not completely eliminate HBV in WT HBV-carrier mice, perhaps because of preexisting tolerant regulatory immune cells (Fig. 1C) ; however, anti-HBV immune cells could prevent against establishing an HBV-carrier state after HBV plasmid injection in WT mice without tolerant regulatory immune cells (Fig. 1E) . Furthermore, splenocytes from HBV-carrier mice significantly inhibited proliferation of splenocytes from HBsAg-vaccinated mice after HBsAg rechallenge in vitro (Fig. 1F) . These data indicate that splenocytes from HBV-carrier mice contain an immune cell population with an HBsAg-specific regulatory function.
HBV-Specific Regulatory Cells Are IL-10-Producing Tr1-Like Cells. We next identified the regulatory cell population. Because splenocytes from HBV-carrier Rag1 −/− mice did not confer any suppressive effect on anti-HBs production (Fig. S1 ), the regulatory cells were likely of T-or B-cell origin. Whereas control CD4
+ T cells (purity was confirmed in Fig. S2 ) could trigger anti-HBs production independent of the non-CD4 cell origin, purified donor CD4
+ T cells from HBV-carrier mice inhibited anti-HBs antibody production in recipient Rag1 −/− mice ( Fig. 2A ). We next found purified CD4 + T cells from HBV-carrier mice inhibited anti-HBs production in recipient WT B6 mice ( Fig.  2B) , further suggesting that a subset of the CD4 + T-cell pool mediated HBsAg-specific tolerance (21) .
Previous studies have shown that Tregs play a critical role in liver tolerance (13, 22, 23) ; however, in our study, Foxp3 (24), and we also found that Tr1-like cells coexpressed LAG3 and CD49b increased significantly in HBV-carrier mice (Fig. S5 ).
Kupffer Cells Promote the Development of Tr1-Like Cells. Antigenspecific regulatory CD4 + T-cell generation requires antigenpresenting cells help. Previous studies showed that liver resident Kupffer cells (KCs) have the potential to induce T-cell tolerance in liver (25, 26) . In our model, we found IL-10 and IFN-γ production significantly decreased in hepatic MNCs from KCdepleted HBV-injected mice (Fig. 3A) , raising the possibility that HBV-specific Tr1-like cell generation is dependent on KCs in this study. To address this possibility, naive CD4 + T cells were cocultured with KCs in vitro. Coculture with KCs from HBVcarrier mice increased both IL-10 productions and Tr1-like cell generation from naive CD4 + T cells (Fig. 3B ), suggesting that KCs induced Trl-like cell generation. In addition, adding anti-IL-10R mAb or using KCs from IL-10 −/− HBV mice in the coculture system blocked the generation of IL-10 and Tr1-like cells (Fig. 3C) .
To further confirm this finding in vivo, we found that neither splenocytes nor CD4 + T cells from KC-depleted or IL-10
HBV-injected mice could significantly inhibit anti-HB antibody production in recipient mice following HBsAg vaccination (Fig.  3D) . Moreover, donor splenocytes from KC-depleted HBV- 1D and 3E ). Although KCs in HBV-carrier mice did not exhibit any obvious tolerance-associated phenotypic changes (Fig. S6) , which may be explained by residing in a sustained typical liver-tolerant environment (1, 25) , these data strongly suggest that KCs contribute to systemic immune tolerance by inducing HBV-specific Tr1-like cell generation in an IL-10-dependent manner.
Tr1-Like Cells Contribute to Abnormal GC Formation in the DLN of HBV-Carrier Mice. Because we observed that anti-HBs antibodies decrease upon HBV-induced tolerance, antibody production in the GC of DLNs may be being repressed in HBV-carrier mice. We therefore examined GC formation as well as the phenotype and frequency of GC B cells, Tfh cells, and dendritic cells (DC) cells in the DLN. Although lymph nodes (LNs) were morphologically enlarged in normal mice after HBsAg vaccination, with markedly increased GC number and total MNC numbers, LNs from HBV-carrier mice remained small and relatively static in cell number (Fig. 4 A and B) . The frequency of GC B cells expressing high Bcl-6 levels within total B220 + B cells ( Although we observed the increased DC number and CD86 expression on these DCs at day 4 after HBV vaccination, these changes did not differ between the control and HBV-carrier mice (Fig. S8) . Taken together, HBV persistence influences GC B cells and Tfh cells, but not DCs, in DLNs.
To evaluate when the Tr1-like cell-containing MNCs acquired the ability to inhibit anti-HBV immunity, splenocytes or hepatic MNCs, isolated at different time points from HBV-injected mice, were transferred into recipient Rag1 −/− mice. At day 10 after HBV-plasmid injection, both splenocytes and liver MNCs acquired a suppressive effect on anti-HB production (Fig. 5A) and GC B-cell development (Fig. 5B) . However, hepatic MNCs obtained this function at least 3 d earlier than splenocytes (Fig. 5  A and B) . Furthermore, we compared the suppressive effect of hepatic and splenic CD4 + T cells taken at day 7 after HBV plasmid injection. Fig. 5C shows that hepatic CD4 + T, but not splenic CD4
+ T cells, delivered tolerance into naive Rag1
−/− mice toward HBsAg vaccination. These data strongly suggested performed as in C. Hepatic CD4 + T cells were purified from control or HBVcarrier mice, and then supernatant levels of IL-10 and IFN-γ were detected. ND, not detected; ns, no significance. Results represent two to three independent experiments (n = at least 3 per group). *P < 0.05 and **P < 0.01. (E) The treatment was performed as in Fig. 1D . Serum HBsAg levels were measured 1 wk after donor cell transfer. KCs depletion was obtained by intravenous injection of clodronate liposome (125 μL) once on day −2 before hydrodynamic injection of HBV plasmid. ND, not detected. Results represent two independent experiments (n = 3-6 per group). *P < 0.05 and **P < 0.01. Results represent three independent experiments (n = at least 3 per group). *P < 0.05, **P < 0.01, and ***P < 0.001. migration after transfer. Cells from HBV-carrier mice trafficked in higher numbers than control cells to the DLN in recipient mice after HBsAg vaccination (Fig. 5D) . We also tested the ability of purified hepatic CD4 + T cells from HBV-carrier mice to directly affect the generation and activation of GC B cells and Tfh cells by coculturing them with GC B cells and EGFP + Tfh cells from the LNs of HBsAg-immunized mice. The generation and activation of both GC B cells and EGFP + Tfh cells were inhibited after coculturing for 3 d (Fig. 5 E and F) . This inhibition of GC B cells was IL-10-dependent, because anti-IL-10R antibody treatment attenuated this inhibition in the coculture (Fig. 5E) . Furthermore, anti-IL-10R antibody treatment resulted in Tfh cells slightly increasing despite no statistical differences (Fig. 5F ).
IL-10 from Tr1-Like Cells Plays a Crucial Role in Inducing Liver
Tolerance. CD4 + Foxp3 − Tr1 cells have previously been reported to suppress immune responses mainly via IL-10 production (7). Interestingly, IFN-γ also significantly decreased in the supernatant of cultured hepatic MNCs from HBV + IL-10 −/− mice ( Fig. 6  A and B) , suggesting a determinant role for IL-10 in Tr1 cell development. Consistent with the above result, the frequency of GC B cells also increased significantly in HBV-injected IL-10 −/− mice after HBsAg vaccination (Fig. 6C) , suggestive of the critical role of IL-10 in Tr1-like cell function. Furthermore, compared with Fig. 2B , we found that donor CD4 + T cells from HBVinjected IL-10 −/− mice lost the ability to suppress anti-HB antibody production in recipient Rag1 −/− mice after HBsAg vaccination (Fig. 6D) , directly indicating IL-10 produced by Tr1-like cells plays a crucial role in inducing liver tolerance. Either hepatic CD4
+ T cells or total splenocytes from HBV-carrier mice mediated tolerance toward HBsAg vaccination via secreting IL-10, because blockade of the anti-IL-10 receptor could reverse this tolerance (Fig. 5C and Fig. S9 ). These data indicated that IL-10 was required to induce systemic tolerance via inducing generation of Tr1-like cells, which eventually mediated tolerance through secreting IL-10 in HBV-carrier mice.
Discussion
The liver induces antigen-specific tolerance by a series of mechanisms, including clonal deletion (similar to central tolerance), as well as induction of Tregs and inhibition of memory T-cell responses, which favor peripheral tolerance (6, 22, (27) (28) (29) . However, the precise mechanisms underlining liver tolerance are not fully understood. In our HBV-carrier mouse model, we found specific responsiveness to HBsAg immunization was lost, showing systemic immune tolerance was induced by liver-persistent virus through generation of HBsAg-specific regulatory Tr1-like cells that migrated to the DLN and participated in inducing systemic tolerance by inhibiting GC formation upon HBsAg vaccination. These mechanisms provide fresh insight into the phenomenon of "liver tolerance" and may prove instrumental in exploring new approaches to reversing liver-induced systemic immune tolerance after chronic pathogen infection in the liver (e.g., HBV, HCV, and malaria).
Despite the finding that theories of "clonal deletion" or "regulatory cells" to explain systemic tolerance induced by liver persistent antigen were supported by different mouse models (23, 28) , our data more strongly support regulatory cell mechanisms than clonal deletion in maintaining systemic tolerance toward HBsAg, because: (i) splenocytes from HBV-carrier mice can inhibit the immune response toward HBsAg stimulation ( Fig. 1 A and F) , (ii) splenocytes from HBV-carrier mice could greatly attenuate HBV elimination by splenocytes from anti-HBpositive mice (Fig. 1D) , and (iii) immunotolerance in HBVcarrier mice could be reversed by immunostimulatory HBxsiRNA plasmid (20) . These results indicate the real existence of HBsAg-specific clones in HBV-carrier mice. Because Tregs are developmentally divided into thymus-derived nTregs and peripheral-generated iTregs, HBV is a nonself antigen that is not expressed in the thymus, and CD4 + CD25 + Treg depletion could not break tolerance in HBV-carrier mice (Fig. S3) , the regulatory cells are unlikely to be Foxp3 + Tregs. Our results demonstrate that the unique cytokines observed in HBV-carrier mice, including IL-10 and IFN-γ, was consistent with the cytokine profile for Tr1 cells (Fig. 3) , suggesting that Tr1-like cells are the major regulatory cell mediator functioning to maintain systemic tolerance. In Con A-and liver-targeting gene transfer of human α-1 antitrypsin by adenovirus-induced liver tolerance models (22), Breous et al. declared that Tregs played an important role in producing IL-10. However, the results also showed the probable presence of additional IL-10-producing cell type in liver, such as IL-10-producing Tr1-like cells.
Furthermore, we found that HBsAg-specific Tr1-like cells suppress the immune response to HBV vaccination in an IL-10-dependent manner. We found that IFN-γ significantly increased in purified CD4
+ T cells from HBV-carrier mice, similar to IL-10. Although IFN-γ is typically considered to be an antiviral cytokine, it also plays an important role in maintaining immune tolerance in other studies, where IFN-γ may be related to antigen-specific regulatory cell differentiation, development, or clonal deletion (30, 31) . The underlying mechanism for the role of IFN-γ, likely different from IL-10, remains elusive at present and needs further investigation in our model.
Previous studies have shown that Foxp3 + regulatory cells with a Tfh-like phenotype modulated the GC response in DLNs (32, 33) . We found here that differentiation of GC B cells (Fig. 4 C  and D) and Tfh cells (Fig. 4 E and F) was abnormal in DLN of independent experiments (n = at least 3 per group). *P < 0.05.
HBV-carrier mice after HBsAg immunization. The enhanced Tr1-like cells-containing EGFP + CD4 + cells from HBV-carrier mice trafficked into the DLN of naive recipient mice after HBsAg vaccination (Fig. 5D) . Furthermore, hepatic Tr1-like cells-containing CD4 + T cells directly decreased the number of GC B cells and Tfh cells in an in vitro coculture system in an IL-10-dependent manner (Fig. 5 E and F) . These data indicate that Tr1-like cells migrated to the DLN to negatively modulate the differentiation of Tfh cells, GC B cells, or both. To our knowledge, this report of Tr1-like cells regulating antibody production is unique. Further experiments are needed to understand the mechanism by which Tr1-like cells inhibit GC reactions.
Taking these data together, our study provides evidence to support the hypothesis that Tr1-like cells migrate from the liver to the DLN and inhibit anti-HBV immunity by negatively regulating differentiation of GC B cells, Tfh cells, or both, although the underlying molecular mechanisms require further investigation.
Materials and Methods
Mice. Male C57BL/6 mice (6-8 wk old) were purchased from the Shanghai Experimental Animal Center. IL-10 −/− mice (B6.129P2-Il10 tm1Cgn /J) were purchased from the Jackson Laboratory. Rag1
−/− and EGFP-transgenic mice were obtained from the Model Animal Research Center. All mice were housed in a specific pathogen-free facility and used according to the guidelines for experimental animal use from the University of Science and Technology of China.
Immunohistochemistry. To assess GC formation, sections of formalin-fixed and paraffin-embedded LN were stained with biotinylated PNA (Vector Laboratories) followed by streptavidin-HRP conjugates (Zhongshan Goldenbridge). The stains were all developed with a DAB kit (Vector Laboratories).
Cell Isolation. Splenocytes and liver MNCs were separated as previously described (34) . CD4 + T cells were separated by positive magnetic cell sorting using an anti-CD4 mAb according to the manufacturer's instructions (Miltenyi Biotec). KC isolations were performed as previously described (35) .
Cell Culture and Cytokine Assays. Cytokine levels released into culture supernatant were measured as previously described (22) . IL-10 and TGF-β1 levels in culture supernatants were measured with ELISA kits from R&D Systems. IL-2, IL-4, and IFN-γ levels were measured using a Cytometric Bead Array Kit (BD Biosciences). Anti-IL-10 receptor antibody was purchased from BD Biosciences.
Flow Cytometry. Mouse MNCs from liver or DLN were isolated, blocked, and incubated with the indicated fluorescent mAbs. Foxp3 and IL-10 expression was evaluated using an intracellular staining set (eBioscience). The stained cells were analyzed using a FACSCalibur (Becton Dickinson) flow cytometer, and the data were analyzed with WinMDI 2.8 or FlowJo software (Tree Star). Statistical Analysis. Unpaired two-tailed Student t test was used to compare variables between two groups. Data were expressed as means ± SEM, and significance was denoted as *P < 0.05, **P < 0.01, and ***P < 0.001. Calculations were performed using GraphPad Prism version 4.00 (GraphPad Software).
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